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ABSTRACT

149

Five Explorer 12 magnetometer records are examined with the
objective of deciding whether the terrestrial magnetic-field
lines on the sunlit side of the mesgnetosphere reach into inter-
planetary space. It is shown how the data can be used to
determine the vector normal to the magnetopsuse surface. The
field component along this normal vector is computed. 1In

three cases, all occurring during magnetic-storm main phsses,
normal-fieldlcomponent of 7-8 K are found. In at least one of
these cases this result cannot readily be explained by experi-
mental errors. Of the two remailning cases, occurring during
magnetically ruiet conditioné, one was inconclusive and the
other showed an insignificantly small normal-field component.
The messured normsl vector is found to deviate substantially
from theoretical predictions suggesting waves or local bumps in
the magnetopause surface. In one of the storm cases a tongue
of the interplanetary medium seems to have penetrated more than

one earth radius into the magnetosphere. 1 )

*Present Address: Radiophysics Laboratory, Dartmouth College
Hanover, New Hampshire



INTRODUCTION

The first extensive observations of the boundary of the
geomagnetic field, the so-called magnetopause, on the sunlit
side of the magnetosphere were made from the Explorer 12 sat-

ellite (Cahill and Amazeen, 1963). The transition from the

ct

terrestrial to the compressed interplanetary field was usually
accompanied by an abrupt change of the field direction. This
implies the existence of a current sheet at the boundary.
Furthermore, it ﬁas found that the external field frequently
had a direction roughly opposite to that of the geomagnetic
field just inside the boundary. Such a situstion is favorasble
for the occurrence of an open magnetosphere where the earth's
polar field lines reach into interplanetary space (Fig. 1).
This is the model discussed by Dungey (1961, 1963), and more
recently by Petschek {1964). On the other hand, a closed
magnetosphere is also possible in this case. Here the ter-
restrial field lines are entirely confined to the geomagnetic
cavity as shown in Figure 2. In both cases the field reversal
on the sunlit side of the magnetosphere can be accomplished by
a thin current sheet. However, an important difference is that
the magnetic-field component perpendicular to, and within, this
thin current-lsyer should be very small‘for the closed magneto-
sphere whereas a substantial perpendicular component could
occur in the open csse. From the topological viewpoint o dis-
tinguishing feature is the existence of X-type magnetically
ngutral points in the current layer of the open model and of
O-types in that of the close one; see Figures 1 and 2. Our

discussion will be confined to these two magnetosphere models



even though they are not the only conceivable ones.

In the present paper we examine in detail five selected
Explorer 12 magnetometer records at the magnetopause with the
objective of deciding whether the magnetosphere was closed or
open.

A vector normal to the boundary surface is derived from
the measurements and the magnetic-field compcnent perpendicular
to the surface is computed. Also, we estimate the location
of the singular field line which runs along the boundary and
connects the two X-type neutral points (A and B in Fig. 1) in
the open magnetosphere. TVhen the interplanetary and terrestrial
fields are exactly antiparallel this line lies in the geomag-
netic equatorial plane. For more general interplanetary-field
directions the configuration has been described in detail by
Dungey (1963). The two results are then checked for consis-
tency; the perpendicular field compeonent should be directed
outward from the earth if the point of the boundary penetration
is 1oéated below the singular field line and inward if the
penetration point occurs above it. See Figure 1.

Finally, the measured normal vectcr i1s compared to a
theoretical normal vector obtained by assuming that the mag-

netopause has the shape found by Mead and Beard (1964).



HUEASUREMENTS

For a detailed description of the Explorer 12 magnetometer
experiment and the orbit we refer to the paper by Canill and
Amazeen (1563). he measurements are presented in terms of
the field masgnitude (F} and the twe angles &~ and % which

define the field direction relative to the spin axis of the

satellite and the earth-sun line as shovn in Figure 3. The

o

directicn cf the spin axis, dotermined by analysis of sclar
espect ‘ate, wes 27.537 declinstict at 479 rigat ascension in
celestivl coorxdinatez, If this diracticn is instead deter-
mined by ccmpariscn ¢f the magnetic dats to the terrestrial di-

s found

fde

pole field a2t 20000 km the magnitudz cf the declinstion
to be about 10% less. This uncarialnty deces not affect the
deternination of the nomal-field cumponent but it should be
kept in mind when measured fields and normel vectors are com-
nared with theoreticsl ones. The direction determined from
sclar aspect dats is used throughcubt this paper.

five boindsry crossings to¢ be discussed here is given in Table 1.
The cclum lsbelled 'local time' gives the local time of the
subsatellite point on earth at the Houndery penshration. The
vector at the boundery is shown in Fig-
these dlisgrams every complete measuvement

> and ¥  is recorvded. The satellite

mekes arproximetely three complete neasuvements per second. The
absence of date points indicatez that no mersurements are avail-

eble becuase of magnetometer calibraticn cr for other reasons.
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Finally, it should be pointed out that the last three
of the boundary crcssings in Table 1 cccurred durlng the
main phase of magnetic storms. Also, on the inbound pass
of October 1 several boundary penetrations occurred of
which only the twoc first ones are reperted nere. 1t ap-
pears that on this cccasion the boundary meved back and
forth past the satellite. This may alsc have been the case
on September 2 {see Fig. 9;.

INTERNAL AND EXTERNAL FLELDS

The field dirvecticns on elther 3ide of the boundary
are determined by forming the average of the angles 3 and ¥
for a number of individual measurements. The points inveolved
in this process are indicated in Figures 4-8. It may be
noted that the pcints corresponding to the lowest values of
the field intensity {F) have been excluded since the deter-
minaticn of the angles becumes very inaccurate atl low flields.
These points appear in parantheses in the dilagrams. The
resulting field vectors are expressed in a right-hand car-

tesian cocrdinate system |-€ 1ﬁz/‘tg } defined as follows
~n i S - ——

. (1)
L= g x8, "

€7 (wrd) /1w «d | 2)
=4 =2

4

Here gé is a unit vector due north aleng the sarth’'s mag-
A
netic dipcle axis and W is the unit vector along the un-
laacd
disturbed solar-wind velccity. The solar wind is taken tc

. . . . o
be radial from the sun but an abberation angle of 5 caused



by the orbital mction of the earth is taken into account
in the computation of % . 1In Table II the magnitudes
and direction ccsines relative to these axes are given
for the field vectors Fs and_fo inside and outside the
magneitopause, respectively.

TABLE 1I

Jate IRl Ed EL fofsyr,) Ffi 6 L

09/031 50 -.248 ~.208 .giC 47 ..165 .728 566

{

09/300 54 171 712 .681 49 ..247 o L. 862
10/01i; 57 =-.294 -.939 .182 70 .001  .063 -.T48
10/01i, 82 618 ~.016 .78 95 5006 493 «.708
10/291 70  .007 -.555 .832 7z .194  .876  ~.hh2

Since all boundary~peneiratiocns occur rather near the
geomagnetic equatorial plane {Table 1) one would, for simple
permanently clcsed magnetosphere models {Mead, 1964) expect
the internal-field vecter to lie mainly along the~gf3 axis.
It is clear by inspection of cclumn 5 in Table II that the
internal field frequently deviates strongly from such models.
In particular this is the case for the first inbound cros-
sing on Octcber 1, {10/01/i;}. Note also that the external
field tends to oppose the terrestrial field in the cases
considered here.

NORMAL-FIEID CCMPCNENT

If the current layer is thin the normal-field component
should be continuous across the layer. In other words, the

relations

Fitn = Feen =f°n (4)



should hold. Here N denotes the vector normal to the
current layer, F andmﬁb are the average fields Jjust in-
side and outside of the layer and F is the fleld vector
at an arbitrary point in the current-lsyer interior.

hese relations require N to be proportional Lo the

vector

"‘o"'(F,' “Fa>)‘f (5)

—a—
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%
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It is easily seen that ¥F,, I and ¥ have the commnon com-

c

[N

ponent FeIT,

S Cend,

x Eﬁ}/kﬁj aleng this vecter. WNote alsc that
the vector (Fy-F.j is a tangent to the surface. For each

individual messurement of F in the curvent-layer interior

a corresponding lﬂ -vector can be formed and our approxi-

mation for the true normal vector 1s taken te be the

ncrmalized average of all the lj -vectcrs thus computed.

In other words, we have

—

n== (EixE)=(F - -o\L)(jfn i
(i) - (FeF)x F

where F denotes the sverage of all the Tield vectors

i by
o
-~

f

!—h

measured in the current-layer intericr. Also, the ambigu-~

4]

n the formula is chosen so that n is dirvected

-

[

ous sign
outward. This method of determining the normal vector 1is

useful except in the speclal case when

— ¢ Y
Frx by = (Fi ~F )% F K

Equation {7) implies thaixgi, E;/amﬁkz_all have the same
vector components in the plane perpendicular to the vector

<§E-EQ)' This in turn means that any vector perpendiculsry



to (Fy-Foi is an adeguate normal vector. Hence, it is
imposgsible to determine the sign and magnitude of the
field component along n. In practice this case should

arise occeasionally. Yor example, 1t may be shown that

BEq. (7} is satisfied if the current vectors in the
current-layer interior are purely unidirectional which is
possible if the magnetosphere is closed. It turns out

that the first of the cases considered here {09/03/1i) very

nesrly saitisfies Eg. 7). Therefore, the normal vector
Lo indeterminate fov thal crossing In 211 the cther

cases Dg. (&) coull be used to compute the normal vector.
This implies thatl the current direction must vary with
posgition in the intericr of the layer. The resulting field
cemponents along n are given in the second column of

Table IIT.

TABLE 17T

3561 o “ S TH
09/03/1 Indesterminate -.5 14.9 1.9
09/30/0 1.k .8 20.0 3.2
10/01 1 ~7.9 8.4 12.4 1.6
10/01/4, ~7.3 2.7 16.0 2.1
10/29/1 7.8 L3l 15.7 2.1

The normal-field compcnents thus computed are signifi-

cant only if the vector F has

o

significant component per-
pendicular to the plane containing the two field vectors
¥y and FP_. Hence, the product ygof? where

(8)

o~

g= £ (F W E ) I ol

s



g niso gilven in Table 111 along with the standard devia-
tion §© of the individual productsg.F from the average.
The ambiguous sign in Eq. (8) is chosen so that g is
directed outward. The last column in Table iII contains
the quantimiﬁ“/vﬁf. m being the number of individual
measurements used in the formatlon of the average. This
guantity represents the standard deviation of the computed
average value from the true average, provided that all
the individual field vectors in the current-layer interior
kare the ssme average component alongvg&, and the same
stendard deviation.

We conclude that with a high degree of probability
a significant magnetic-field component perpendicular to
the current-layer surface was present at the first in-
bound corssing on October 1, (lO/Ol/il). Thus the mag-
nztosphere was in all probabllity open on this occasion.
Kaeping in mind that there may also be some error in the
vactor % it appears somewhat less certain that the normal-
field é;;ponents for the cases (10/01/i, and (10/29/1)
sce significant. Finally, the normal-field component is
clearliy insignificant for the case (09/30/0) which occurred
a Taw hours before the onset of the October 1 magnetic
storm. Thus the magnetosphere may have been closed on
that occasion but this is by no means certain. Other
explanations are also possible.

At this point we also note that the large G -values
sugzest that there must be appreciable local fluctuations

in the field directions in the current-layer interior.



)

We mey estimate the location of the boundary pene-
tration point relative to the singular field line which
runs slong the boundary surface connecting the two X-type
neutral points A and B in Figuvre 1. We call this the X
line. It is along this line the cutting of frozen-in
field lines 1s supposed to occur. This reccnnection pro-
cess which is necessary for the existence of the open
magnhetosphere has recently been discussed in detail by

’

Petschek {10643, One of the X-type neutral points shculd
cacur at e forwara stagnacion peint whaich, relative to
the esrth's center, is located in the direction of the
negative solar-wind vector, ~w . If the bcundary-penetra-
sion point lies near the stagnation point it is rveascnable
wo assume the X line to run slong the intersection between
wne magnetoupause surface and a plane through the stagnation
soint which is pavallel to the tvo vectors g; and W . #g;
ceing the net-current vector at the boundary-penetration
point.  The vecter ;; is parallel to (Fy - F )} x n. Hence,

ne boundary-penetration neint is located above the ¥ line

the precuct
P- (({: *)%gj‘ (4% w) (9)

i negative and below it is P is positive, Here_é is the
it vector in the direction from tne earth's center o the

ccundary-penetration point. Alsc, the normal component,

;,.r

n, of the field vector should be negatlive Iif the penetra-
..... Lon point lies above the X line and positive if it lies
below this line. In cther words, P and ¥F+n should have

the sane sign. The result of this investigation is



summarized in Table IV.

TABLE IV

Date Sign cof P Sign of
{1261) ‘ Fon
10/01/14 - -
10/01/ip - -
10/29/1 - .

Ue see that the signs are consistent for the two
passages on Cctober 1 and inconsistent for the case {10/29/1i).
However, this last boundary crossing occurred on the side

of the magnetosphere far from the stagnation peint. OCur
estimate of the location of the X line is probably very
uncertain in this case.

THEORETICAL NORMAL VECTOR

We may also compare the measured normal vector, n.

with a thecretical normal vector, n.., cbtal

-

ned from Mead's

-

and Beard's {1664} calculsaticns for the case of a nonmag-

s K

netic interplanetary plasma. The simple formula

Flrs = 136 = 0,36 cos B, {10)
describes the sunlit side of their magnetosphere surface
with an accuracy of f 5% within gecmagnetic latitudes, em,
{Mead, privatec communicaticn). Here %L denctes
the geomagnetic longitude and 1, is the radius of the
magnetosphere at the vertex pceint. Also, the formula
applies only when the sclar-wind vector, % , lies in the

geomagnetic equatorial plane. e use the same surface

shpae also when & forms an angle X with this plane.



However, the vertex point, located at the geocentric
distance T, | » is placed at 6m= A/3 in the plane con-
taining the dipole asix, 4, and the solar-wind vector.
This choice is arbitrary but ressonable. Furthermore,

the axis of symmetry of Mead's surface is placed in the
same plane but at an angle of "/2 relative to the geo-
magnetic equatorial plane. It may be shown that for
sm2ll A values this gives the same slope of the magneto-
sphere surface at Om = "/3 as that of the boundary found
by Spreiter and Briggs (1962), in the plane containing

4 and W . The theoretical normal vector, thus determined,
is compared with n and 4 in Table V. Alsc given is

the angle A . Note that _2_ would be the normal vector

if the magnetosphere were closed.

TABLE
Date n neds nyt
(1961) Feg e fozs .0
a*% g-g2 _Q_’§‘3
09/01/1 .978 .065 .196
——_—— — —— 20.7
.818 -.478 -.320
09/30/0 .825 -.500 -.264
.898 -.198 -.394 8.2
.950 -.066 -.307
10/61/11 .978 -.205 .022
' .987 -.151 .05 ~3.9
. 907 -.334 -, 25
10/01/3 .980 -.156 .121
2 .259 -.906 - -.335 -.6
.389 -.863 -.323
10/29/1 .822 -.532 -.206
. 995 -.051 .091

. 925 -.314 -.217 -21.1



{5
=

The sgreement betweca By and either < and q is

in general rather pocr. 1In particular this is the case
for the crossing {10/01/i,). Regardless of whether the
magnetcsphere was open or clesed on this ceccasicn we

must cenclude that the magnetopause surface deviated
strongly from the thecretical shape. There must have
been large waves or bumps in the surface. As pointed out
previocusly the boundary cressing {10/01/in) was peculiar
in that Explorer 12 wase inside the magnetosphere and on
its way tcwards the earth before the crossiang. Apparently
the magnetopéuse was then set in nmoticn; it moved mcre
than cne earth radius and passed the satsllite. Ourvcom-
putations cf the vector normal to the magnetopause sur-
face indicate that the inward motion of this surface may
not have been caused by a uniform compressien of the
entire cavity. Rather it sppears likely that a tongue of
interplanetary plassme penetratzsd deep into the magneto-
sphere on this occasicn. Ve emphasize‘that this particu-
lar event cccurred during the main phase of a magnetic
storm.

Another point worth mentioning is that no systematic
improvement of the agreement betwesen n; and n or ng and g
WOéld result by taking account of the pussible effects of
the spiral-shaped interplanetary field an the theoretical
orientation of the geomagnetic cavity, ‘Walters, 1964).
As 3 consequence of this we have nct included these con-
siderations in the computation of ny or of the locaticn of

-

the stagnation point.



DISCUSSION

We have found some evidence of magnetic-field com-
ponents perpendicular to the magnetopause surface during
the main phase of the Cctober 1, 1901, magnetic storm.

On the other hand, the boundary croessing immediately
before the sudden commencement of that storm revealed no
significant such component. Thus, it appesrs likely

that the magnetcsphere was open during the storm main
phase and it may have been clcosed immediately befcre the
storm. Such a rvesult would agree with the suggestion,
{Sonnerup, 1964}, that the o¢nset of the main phase is
caused by a change of the magnetospheric topoclogy-.
Hcwever, cther interpretaticns are probably alsc possible.

A more convincing proof of the existence of ¥-type
neutral pcoints would be provided by two consecutive
boundary crossings occuring on oppusite sides of the
so-called X line, i.e. the field line joining the two
neutral points. These two crossings should give normal-
field compcnents of copposite sign. Such cases may be
contained in the Explorer 12 data but so far ncne have
been found. In principle the O-type neutral points could
be detected in the same way provided that the current
layer is sufficiently thick to permit of measurable ncrmal-
field components in the current-layer intericor. This
condition is not fulfilled in the cases studied here.

The apparent current-layer thickness is of the
order of 25 km for the boundaries studied here. The actual

thickness could be larger is the boundary was moving



past the satellite. If the measured deviations of the
normal vector from the theoretical normal vector are
caused by waves on the magnetopause surface it 1s rea-
sonable to expect such motion. Also, in some cases,
such as the inbound pass on Cctober 1, 1961, there is
direct evidence of boundary motion.

Fetschek (1964) has interpreted the field-reversing
current layer of Lhe copen magnetosphere as a standing
Alfvé; vave, a so-called rotaticonal discontinuity,
{Tandau and Lifshitz, 1960}. in a staticnary state the
field intensity must be the same ¢n toth sides of such
a wave front as well as in its intericr. The difference
between in} and{zp} cbserved on October 1 {see Table II;
could mean that the current layer was in a state of sc-
celeration. Another point worth mentioning is the marked
depression of the field intensity in the current-layer
intericr on September 30. This suggeste that the layer
did not have the character ¢f a rotaticnal dilscontinuity
on that occasian.

According to Petscheck's thecry the rate at which
the frozen-in interplanetary fileld lines reconnect at the
X line of the open magnetosphere is egual toe the Alfvg;
speed based on the normal-field component at the current
layer. Our results indicate that this speed is about 10%
of the Alfven speed based on the total field Just outside
the magnetcpause. This result agrees with Petschek's

predictions.
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Fig. 10

Fig. 11

Fig. 12

FIGURE CAFPTIONS

Magnetic-field line configuraticn of the open magnetosphere.
The two X-type neutral points A and B are joined by the X~
line slong which the field reconnecticon cccurs. When the
interplanetary field is antiparallel to the egustorial di-
pole field the X-line lies in the geomagnetic equstorial
plane. The dashed line indicates the lccation of the mag-
netopause.

Magnetic-field line configuration of the closed magnetcsphere
when the external field is antiparallel.to the equatorial
dipole field.

Vector disgrem defining the snglss & and ¥ . The angled~
lies betwecn the nagnetlo field vector F_ and the spin axis.
The angle ¥ 1lies between the plane cortalnlné the magneu1c~
field vector and the spin sxis and the plane containing the
sun direction and the spin axis.

Complete magnetometer record for the inbound magnetopause
penetration of September 3, 1961.

Complete magnetometer record for the cutbound magnetopause
penetration on September 30, 1961.

Complete magnetometer record for the flrst inbound mag-
netopause penetration on Octeber 1, 1961,

Complete magnetocmeter record for the second inbound mag-
netopause penetration on October 1, 1951,

Complete magnetometer record for the inbound magnetopause
penetraticon on October 29, 1961.

Survey record of September 3, 19561, inbound pass. The
boundary-penetration point analysed in the paper is indi-
cated by an arrow.

Survey record of September 30, 1961, cutbound pass. The
boundary-~penetration point is indicated by an arrcw.

Survey record cf Cctober 1, 1961, inbound pass. The
boundary-penetration points analysed in the paper are
1ndxca’ced by arrcws.

Survey record of October 29, 1961, inbound pass. The
boundary-penetraticon point is indicated by an arrow.
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